tidic acid were much less effective carriers than neutral liposomes for either antibiotic in this in vitro system. Incubation at 4°C of cells with liposomes containing antibiotic or carboxyfluorescein inhibited intracellular antibacterWl activity and cell-associated fluorescence. The high intracelhlular activity of the liposoial antibiotics is consistent with their phagocytic uptake by the macrophages followed by intracellular liposomal degradation and antibiotic reease. Liposomal modification of cellular uptake and intracellular distribution of antibiotics may be used to extend the activity of existing and new agents against intracellular infection of the reticuloendothelial system.
Although the selective targeting of drugs to tissues or cells in vivo by means of liposomes and other carrier systems does not seem feasible at present (15) , the propensity of the reticuloendothelial system to remove particulates from the circulation (20) does offer a means of passive targeting. Thus, the experimental liposomal therapy of visceral leishmaniasis (1) is largely dependent on the avid hepatic uptake of drugladen vesicles mediated by the fixed macrophages of the liver. Activation of the tunmricidal (7) and antimicrobial (8) activities of macrophages in viVo by usingi liposomal muramyl dipeptide and its analogs indicates that circulating phagocytes also serve as "targets" for agents administered in liposomal form.
It is logical, therefore, to consider liposomes as carriers' of antibiotics to phagocytic cells, which in certain infections harbor microorganisms which can survive intracellularly. Antibiotics can only act against such intracellular infections if they can penetrate the phagocyte, although once within the cell, metabolism and localization of the antibiotic will also contribute to the overall antimicrobial activity. Such cellular pharmacokinetic parameters can be modified by the use of liposomes (14) .
In simple in vitro culture, liposomal neomycin (10) and penicillins (5) were reported to be active against bacteria, although Stevensbn et al. (21) showed that liposome entrapment markedly reduces the antimicrobial activity of chloramphenicol (CAP). In the rabbit, gentamicin distribution can be mitered by the intravenous administration of a liposomal preparation of this antibiotic (13) . The activity of dihydrostrepto y;in gainst an intracelular infection in vitro is increased by liposome entrapnmnt of the antibiotic, altough the mechanism of action is not described (2) .
In this paper we compare the ac:tivity of tree and liposomal CAP Phagocytosis of bacteria. The TCM of the macrophage cover slip cultures in the petri plate wells was replaced with 2 ml of TCM E. coli cell suspension such that the initial inoculum was between 4 and 5 bacteria per macrophage. Phagocytosis of bacteria was allowed to proceed at 37°C for 50 min with gentle agitation (ca. 0.5 Hz) on a platform shaker (New Brunswick Scientific), after which time the cover slips were removed to the wells of a second petri plate containing 2 ml of TCM anid 500 p.g of STREP sulfate per ml to inactivate uninge$ted bacteria. After 20 min, each cover slip was dip washeo through several changes of sterile normal saline at 37°C to remove the STREP. The cover slip cultures were then transferred to TCM in the case of free antibiotic-pretreated macrophages or to TCM cQntaining 30 Determination of viabk lntraceilular bacteria. The cover slips with adherent macrophages were vortexed for 5 min in 10 ml of sterile distilled water to effect hypotonic lysis, and then for each cover slip, two serial 10-fold dilutions of the hypotonic lysate were made in distilled water for surface counting.
In all experiments, cover slips were set up in triplicate, and phagocytosis was expressed as the mean number of CFUs recovered per macrophage. Throughout, significant differences were tested by the Student t test at the 95% probability level.
Macrophage uptake of CF liposomes. Macrophage cover slip cultures (106 cells) were incubated at 37 and 4°C in 2 ml of TCM liposomal CF suspension (1 ,umol of EPC) with gentle agitation. At 1-, 2-, and 3-h intervals, cover slips were removed, rinsed with saline, and mounted on microscope slides in glycerol containing 5% (wt/vol) propyl gallate to minimize photobleaching (9) . Photomicrographs ( coli to a final cell density of 1 x 105 to 3 x 10' cells per ml. The tubes were incubated for 18 h at 37°C, and the number of viable bacteria in each tube was determined by surface plating.
RESULTS
The MICs of CAP and STREP were found to be 2.0 and 7.5 ,ug ml-1, respectively, when tested against the strain of E. coli used here. For neutral liposomal CAP, concentrations of up to 38 ,g ml-' had no effect on the test otganism and for neutral liposomal STREP, a concentration of 170 pg ml-1 was similarly ineffective. At the highest concentration studied, 360 Fag of liposomal STREP per ml in neutral vesicles, although there was some 60% inhibition of growth over an 18-h period, an MIC value was not attained. Using anionic vesicles which had a higher entrapment efficiency ( (Fig. 1) . The inhibitory effects became more Qbvious with increasing pretreatment time. Since, however, CAP is bacteriostatic for E. coli, there was no significant reduction in viable intracellular bacterial numbers to less than 100o, i.e., the initial level of infection, even after the longest pretreatment time of 7 h. At an extracellular free CAP concentration of 20 ,ug ml-', the bacteriostatic effect shown ( Fig. 1) was not significant.
From the effects of free STREP on intracellular bacteria (Fig. 2) , it appeared that this antibiotic penetrated much more slowly to the macrophage interior than CAP. Of the free STREP concentrations studied, 10, 50, 100, and 500 ,ug ml-1, only the last was inhibitory, and the ANTIMICROB. AGENTS CHEMOTHER. CF liposomes (Fig. 6) was not detected when PA vesicles were used. The extracellular concentrations of liposomal CAP which caused intracellular bacteriostasis were 4.3 ,ug ml-' (neutral vesicles) and 9.5 pLg ml-1 (PS vesicles) (Fig. 3) . For the 3-h pretreatment time of macrophages with liposomes, the concentration of free CAP required for bacteriostasis was 80 ,ug ml-1 (Fig. 1) , so that liposome entrapment of CAP increased its activity in this system 10-to 20-fold.
Similarly, for STREP, a 40.5 ,ug ml-' extracellular concentration in neutral liposomal form was sufficient to give an intracellular bactericidal effect (Fig. 4) (Fig. 5) . Similarly, pretreatment of macrotment time the i.r. phages with drug-loaded liposomes at 4°C ( results for the other concentrations are not shown. At 500 ,ug of free STREP per ml, the inhibitory effect only became apparent after pretreatment times of greater than 2 h, and a minimum pretreatment time of about 6 h was required to actually decrease the viable intracellular bacterial numbers to less than the initial infection rate. For example a 7-h STREP pretreatment was bactericidal and reduced the intracellular bacterial population to some 53% of its initial value. The apparent intracellular antibacterial activity of both antibiotics was markedly increased by entrapping them in neutral vesicles ( Fig. 3 and 4) and, in the case of CAP, PS liposomes (Fig. 3) . STREP was found to precipitate with PS during vesicle preparation, and hence no data was obtained for PS liposomal STREP. In spite of their high entrapment efficiency (Table 1) , anionic PA vesicles containing either antibiotic were much less active than neutral or PS liposomes. In fact, for anionic PA liposomes containing CAP (Fig. 3) and STREP (Fig. 4) , a significant inhibitory effect could only be estab- ed fluorescence observed (Fig. 6 ) after incubation at 37°C.
DISCUSSION
It would appear that the uptake of liposomes by the J774 macrophage was phagocytic since incubation of liposomes with cells at 4°C inhibited intracellular antibiotic activity (Fig. S) and cell-associated CF fluorescence (Fig. 6 ). This uptake mechanism is in accord with the nonspecific phagocytic activity of these cells (17) and the phagocytic internalization of liposomes by other macrophage types (12) .
The cell-associated fluorescence found (Fig.  6) after incubation of cells with CF liposomes at 37°C indicates dilution of the. self-quenching vesicle aqueous contents in the cell cytoplasm (22) , presumably after disruption of the vesicle bounding bilayer. The incubation time-dependent fluorescence shown in Fig. 6 thus lends support to the concept of vesicle degradation within the cell after phagocytosis, which in the case of STREP or CAP liposomes would liberate antibiotic close to any intracellular bacteria present. Such antibiotic release within the infected macrophage is a critical event since either antibiotic in liposomal form at the concentrations used here was inactive against E. coli per se.
The use of radiolabeled lipid or liposomal antibiotic, although allowing quantitation of cellliposome association, does not quantify the allimportant delivery to the cell interior (22) offree antibiotic. In fact, the intracellular antibacterial activity of liposomal antibiotic described in this paper may, like the observation of intracellular CF fluorescence, be regarded as a means of measuring the release of liposome contents within viable cells.
In the present system, therefore, the 3-h pretreatment of macrophages with liposomes must have allowed degradation of a sufficient number of internalized liposomes to establish an inhibitory antibiotic concentration within the cell. Although antibiotic is only required within an infected phagosome to influence the growth of ingested bacteria, it must be assumed that the entire intracellular volume is permeated by free antibiotic from degraded liposomes. A simple calculation shows that the contents of remarkably few vesicles of the type used here need be released within the cell to produce an inhibitory antibiotic concentration. it would appear that uptake by macrophages or degradation within macrophages was barely sufficient to allow attainment of an inhibitory intracellular antibiotic concentration, although the inhibition at 9 h postinfection seen with either antibiotic in PA liposomes (Fig. 3 and 4) indicated that some liposome uptake had occurred. Since each cover slip culture of 106 macrophages was given 1 amol of EPC in liposomal form, there were 10 vesicles available per cell so that vesicle supply was an unlikely limiting factor in the present system.
The observed intracellular antibacterial activity of the free antibiotics ( Fig. 1 and 2 ) correlated with their solubility characteristics, which would be expected to give a measure of passive uptake by cells. The comparatively lipid-soluble CAP is known to be concentrated within macrophages (11) and leucocytes (16) , whereas highly water-soluble antibiotics such as penicillin G, cefazolin, cefamandole (11), dihydrostreptomycin (2), and STREP (3, 4) penetrate mammalian cells poorly. Liposome entrapment, however, still enhanced the apparent intracellular activity of CAP, which suggested that in addition to improved uptake by phagocytosis, intracellular CAP distribution was modified. Delivery of a discrete packet of antibiotic solution to the cell interior would, for example, delay partitioning of the drug into lipid-rich regions such as the cell membrane. Permeation of the cell from the interior rather than the exterior would also contribute to the enhanced activity of the liposomal antibiotic.
From the results with empty liposomes (Fig.  5) , it would appear that there was no liposomeinduced activation of the J774 macrophage which may have contributed to the high activity of the liposomal antibiotics.
The ability of circulating and fixed phagocytic cells to take up liposomes in vivo (15) shows that for some conditions liposome-mediated therapy is feasible. The present results, which showed that very few drug-loaded vesicles were required per phagocytic cell to achieve a pharmacological response, indicate that treatment of infections, bacterial, fungal, and protozoan, of the reticuloendothelial system in vivo is, as far as liposome carrier systems are concerned, an area worthy of more investigation.
